Abstract. The establishment of in vitro embryo production (IVP) system in pigs enables us to generate viable embryos with a quality equal to that of in vivo derived embryos. This technology contributes not only to developments in reproductive physiology and agriculture but also to biotechnologies for producing cloned or genetically modified pigs. The birth of piglets from in vitro matured and fertilized embryos at the two-to 4-cell stage was first achieved about 10 years ago, but it was only quite recently that piglets were produced after the transfer of IVP blastocysts. This improvement to the blastocyst stage of the in vitro culture system after in vitro maturation and fertilization can be expected to play a part in the development of an advanced IVP system. Here, we discuss the developmental ability of porcine embryos produced by our improved IVP system and the utilization of this technique in the new biotechnology. Key words: Pig, Embryo, In vitro production, Developmental competence, Piglet (J. Reprod. Dev. 50: [21] [22] [23] [24] [25] [26] [27] [28] 2004) n in vitro embryo production (IVP) system includes in vitro maturation (IVM) and in vitro fertilization (IVF) of oocytes, and also in vitro culture (IVC) of the fertilized oocytes or zygotes. The establishment of a porcine IVP system enables us to generate viable embryos as well as in vivo derived embryos with less cost and in less time, and w ill contribute t o res ea rch in repr oductive physiology, agriculture, and biotechnology, including cloning and transgenesis in pigs. The in vitro developmental competence or viability of porcine IVM/IVF oocytes to the blastocyst stage was first confirmed and reported by Matiolli et al. in 1989 [1]. Further, piglets have been born from IVM/IVF embryos after IVC to the two-to 4-cell stage in 1993 [2] . Since then, some laboratories have succeeded in producing piglets from cleaved embryos at the two-to 4-cell stage after IVM/IVF and IVC for 24 to 36 h [3, 4], and from 8-cell to morula-stage embryos after IVM/IVF and IVC for 96 h [5] . However, it was only quite recently that viable piglets were generated after transfer of IVP embryos at blastocyst stage [6, 7] . Here, we discuss the developmental ability of porcine embryos produced by this improved IVP system and the u t i l i z a t i o n o f t h i s t e c h n i q u e i n t e r m s o f biotechnology.
n in vitro embryo production (IVP) system includes in vitro maturation (IVM) and in vitro fertilization (IVF) of oocytes, and also in vitro culture (IVC) of the fertilized oocytes or zygotes. The establishment of a porcine IVP system enables us to generate viable embryos as well as in vivo derived embryos with less cost and in less time, and w ill contribute t o res ea rch in repr oductive physiology, agriculture, and biotechnology, including cloning and transgenesis in pigs. The in vitro developmental competence or viability of porcine IVM/IVF oocytes to the blastocyst stage was first confirmed and reported by Matiolli et al. in 1989 [1] . Further, piglets have been born from IVM/IVF embryos after IVC to the two-to 4-cell stage in 1993 [2] . Since then, some laboratories have succeeded in producing piglets from cleaved embryos at the two-to 4-cell stage after IVM/IVF and IVC for 24 to 36 h [3, 4], and from 8-cell to morula-stage embryos after IVM/IVF and IVC for 96 h [5] . However, it was only quite recently that viable piglets were generated after transfer of IVP embryos at blastocyst stage [6, 7] . Here, we discuss the developmental ability of porcine embryos produced by this improved IVP system and the u t i l i z a t i o n o f t h i s t e c h n i q u e i n t e r m s o f biotechnology.
Current Status of the IVM/IVF System in Pigs
IVM systems for porcine follicular oocytes have been improved in recent years, emphasizing the importance of the redox state and glutathione content in relation to cysteine in the maturation m e d iu m ( R ev i ew ed b y N ag ai [ 8] ) an d t h e synchronization of early meiosis in oocytes [4] . Oxygen tension during IVM is also an important fac to r in cyt o plas m ic m at uri ty fo r i n v i tro development to blastocysts [7] . When cumulusAccepted for publication: November 5, 2003 Correspondence: K. Kikuchi (e-mail: kiku@nias.affrc.go.jp) oocyte complexes were matured in vitro under 5% O2 or 20% O2, fertilized in vitro under 5% O2, and subsequently cultured under 5% O2, there were no significant differences in blastocyst formation rates on Day 6 between the 5% O2 and 20% O2 conditions (19.9% and 14.0%, respectively). However, the quality of the blastocysts, as evaluated by total cell number, was better after IVM under 5% O2 than under 20% O2 (mean cell number 43.5 and 37.8, respectively).
I m p r o v e m e n t s i n m a n y a s p e c t s of I V F procedures have been made over many years, but polyspermic fertilization during IVM has remained an unsolved problem in porcine IVP (Reviewed by Nagai [9] ). Some of the polyspermic fertilized oocytes can develop to the blastocyst stage [10] , so careful attention must be paid to the relationship between polyspermy and embryonic development.
Developmental Competence of IVM/IVF Oocytes
The developmental competence of IVP embryos before the blastocyst stage (two-cell to morula stage) to the viable piglet ha s already been confirmed by embryo transfer experiments [3] [4] [5] , but successful piglet production after blastocyst transfer was not reported until 2001 [6] . Thus although IVP blastocyst production itself was first successful in 1989 [1] , viable blastocyst production was not established until more than 10 years later.
In addition to the improvement of IVM/IVF procedures, improvement of the IVC procedure seems to be the more important factor needed to obtain viable blastocysts. North Carolina State University (NCSU) solutions containing taurine and hypotaurine (NCSU-23) or sorbitol (NUCU-37) were originally established for culture of porcine in vivo derived embryos [11] . These innovations were introduced to the IVC of porcine IVM/IVF oocytes but resulted in the problem of low embryo quality. Fo r ex am ple, th e t o tal c ell num ber s o f th e blastocysts were reported to range from 30 to 37 [12, 13] , although an advanced IVC system had been expected.
To examine the developmental competence of IVM/IVF oocytes, we conducted the following two experiments [14, 15] .
Experiment 1
We examined the development of IVM/IVF oocytes to the blastocyst stage under in vivo or in vitro conditions [14] . Porcine cumulus-oocyte complexes were matured in vitro, fertilized in vitro and transferred just after IVF to the oviducts of recipients in which estrus had been synchronized with eCG and hCG. As shown in Table 1 , more than 70% of the blastocysts recovered 6 days after transfer and 37% of them had developed to the blastocyst stage, with a mean cell number of 181.5 per blastocyst -approximately the same number found in in vivo blastocysts before hatching (175) [16] . In contrast, when IVM/IVF oocytes were cultured in vitro for 2 days and transferred to the oviducts of recipients, or cultured in vitro for 6 days without transfer to oviducts, most of the blastocysts recovered were still enclosed by zona pellucidae. The mean cell numbers of blastocysts obtained from IVM/IVF oocytes cultured for 2 days in vitro plus 4 days in the oviducts or for 6 days in vitro d e c r e a s e d si g n i f i c a n tl y t o 5 8 . 2 a n d 3 8 . 4 , respectively, compared with that of blastocysts obtained from IVM/IVF oocytes cultured in the oviducts for 6 days. These results suggest that porcine IVM/IVF oocytes have high potential for developing to the blastocyst stage-equal to that of in vivo matured oocytes.
Experiment 2
We examined the effect of the duration of IVC on ability to develop to the fetal stage or to term [15] . IVM/IVF oocytes were generated by the same procedure as that used in Experiment 1 and subsequently cultured under 5% O2 for 0, 24, or 48 h in NCSU-37 solution. The embryos were then s u r g i c a l l y t r a n s f e r r e d t o t h e ov i d u c t s o f synchronized recipients. On the 29th day post-IVF, the uteri of some of the recipients were surgically examined for pregnancy, then the pregnant females were hysterectomized in order to examine the number and weight of the fetuses. Rates of development to fetuses of IVM/IVF oocytes cultured for 24 and 48 h were significantly lower (1.7% and 2.0%, respectively) than those of IVM/ IVF oocytes that did not receive IVC (6.7%) ( Table  2 ). The remaining recipients were examined for pregnancy with an ultrasonic pregnancy detector and the pregnant females were allowed to go to term. Some recipients that had received embryos cultured for 0 or 24 h farrowed healthy piglets, but no farrow was obtained from embryos cultured for 48 h before the transfer (Table 3 ). The results indicate that the viability of porcine IVP embryos is decreased by IVC after IVF.
The results in the two experiments suggest that the IVC conditions (NCSU-37) used for IVM/IVF oocytes in our present study were suboptimal. We conclude that an improved IVC system for IVM/ IVF oocytes is needed.
Improvement of IVC System Expecting for the Good Quality of Blastocysts
N ext , w e m o dified t he IVC pro cedur e to establish reliable IVP procedures for porcine blastocysts and to examine the ability of the blastocysts to develop to term after transfer to recipients [7] . Porcine cumulus-oocyte complexes were matured in vitro under 5% O2, fertilized in vitro, and subsequently cultured under 5% O2 in 1) NCSU-37 solution supplemented with 5.5 mM glucose (IVC-Glu; original NCSU-37) from Day 0 (the day of IVF) to Day 6; 2) IVC-Glu from Days 0 to 2, then NCSU-37 solution without glucose but supplemented with pyruvate and lactate (IVCPyrLac) from Days 2 to 6; 3) IVC-PyrLac from Days 0 to 2, then IVC-Glu from Days 2 to 6; or 4) IVCPyrLac from Days 0 to 6. When IVM/IVF oocytes were cultured in IVC-PyrLac from Days 0 to 2 and subsequ en tly in IVC-Glu from D ay s 2 to 6 (Regimen 3), the rate of blastocyst formation (25.3%) and the number of cells (48.7) were higher than the other rates (5.8% to 18.1%) and numbers (35.4 to 37.1) with the other supplement regimens (Regimens 1, 2, and 4) (Fig. 1) . We then prepared conditioned medium (CM) from the culture of porcine oviductal epithelial cells for 2 days in IVCPyrLac and evaluated its effect on development to the blastocyst stage. Cultivation in CM for the first two days, followed by IVC-Glu for a further 4 days, had a significantly greater effect in increasing the number of cells in the blastocyst (58.3) than did in the unconditioned control medium (IVC-PyrLac) for the first 2 days followed by IVC-Glu for 4 days (48.4) (Fig. 2) . Finally, we evaluated the ability of blastocysts generated after IVC in CM to develop to term. The mean cell number of blasto cysts categorized as "expanding" on Day 5 and that categorized as "expanded" on Day 6 were 49.7 and 80.2, respectively (Fig. 3) . When Day 5 expanding bl a s t o c ys t s w e re t r a n sf er r ed t o a n e s t ru ssy nch ronized r ecipien t (50 blastocysts per recipient), the recipient remained pregnant and farrowed 8 normal piglets. Furthermore, when Day 6 expanded blastocysts were transferred to two estrus-synchronized recipients, both gilts remained pregnant and farrowed a total of 11 piglets. These results suggest that an excellent piglet production system can be established by using this modified IVP system, which produces high-quality porcine blastocysts. 
Application of Porcine IVP System for New Technologies
We expect that this modified IVP system can be utilized not only in the field but also in some of the newly developing biotechnologies.
Important technologies
Embryo cryopreservation and non-surgical embryo transfer are technologies that are still undeveloped in the field of pig reproduction. The arrival of these technologies has been anticipated for many years, especially in the breeding area, but they are still incomplete. One of the main reasons is that not enough in vivo derived embryos can be produced economically for the experiments. An average of 27.2 embryos can be obtained from a donor prepubertal gilt superovulated by hormonal administration [17] . In addition, reactivity to the hormones differs among donor animals. The use of in vivo materials is thus not efficient enough to complete these experiments. In contrast, several hundreds of embryos can be obtained at a time by IVP, and we expect that these embryos will be used to compete and establish these new technologies.
Cryopreservation of porcine embryos in liquid nitrogen by slow freezing has succeeded, and piglets have been obtained after transfer to recipients [18] . Vitrification of in vivo derived blastocytes ha s also succeeded in pigs [19] . Vitrification of IVP blastocysts has been conducted in many laboratories, but because of the low quality of IVP embryos no one has yet succeeded in producing piglets after the transfer of vitrified embryos . The blas toc ys ts produced in o ur laboratory can be vitrified, and some of the warmed ones have survived [20] : according to the report, the survival rate at 24 h post-warming of vitrified Day 5 expanding blastocysts was 15%, and of Day 6 blastocysts, 23% to 24%. However, these vitrified blastocysts have not yet been carried to term after transfer to recipients. The reason for this is probably the low tolerance of porcine IVP embryos to cryopreservation and their high content of cytoplasmic lipid droplets. Porcine oocytes and embryos contain more lipids than those of other mammals, and it is known that the removal of lipid from the embryos increases their tolerance to cryopreservation [21] . Because the lipid droplet distribution differs between IVP and in vivo derived e m b r y o s [ 2 2 ], d i f f e r e n c e s i n t ol e r an c e to cryopreservation should also be examined. In addition, membrane stability or microfilament alterations [23] may also be important factors in successful cryopreservation. Surgical embryo transfer is an established procedure. In contrast, non-surgical transfer is only just now beginning to be used, despite the fact that the first successful pregnancy by this technique was reported more than 30 years ago [24] . Reichenbach et al. [25] showed that 25 to 40 in vivo derived embryos at the 8-cell to hatched blastocyst stage were required per recipient for the successful production by non-surgical transfer, where the mean number of piglets was 5. This inefficacy seemed to be related to the anatomical complexity of the uterus and cervix in pigs. To improve these rates, special flexible instruments may be required for transfer. For this purpose, IVP embryos as well as in vivo derived embryos should be used as materials.
New biotechnology
Our advanced porcine IVP system is expected to be utilized in cloning and intracytoplasmic sperm inject io n (ICSI) for repro duc ti on and gene modification.
Successful pig cloning using in vivo matured [26] [27] [28] [29] [30] and IVM oocytes [31] [32] [33] as recipient oocytes has been re po rt ed . A t o ur in st i tu te , af ter enucleation of a donor nucleus, injection of the somatic nucleus, and cultivation to the two-to 4-cell stage, embryos were encapsulated within sodium alginate to avoid loss in the recipient oviducts. From the transfer of a total of 1344 embryos, 174 embryos at the morula or blastocyst stage were collected. They were re-transferred to 4 estrus-synchronized recipients: one of them became pregnant and farrowed one cloned piglet [34] . These reports confirm that, in pigs, IVM oocytes as recipient oocytes have the ability to develop to term.
Successful piglet production after ICSI has been reported after the injection of in vivo matured oocytes with boar spermatozoa [35, 36] . Recently, our lab has succeeded in producing piglets after the transfer of IVM oocytes, each injected with a boar sperm head [37] . The use of this technique seems to be applicable not only to reproduction using boar sperm-which show poor motility after thawingcryopreserved as genetic resources, but also in biotechnologies such as sperm-mediated gene transfer. The efficacy of sperm-mediated gene transfer has already been confirmed in pigs [38] . In mice, the combination of ICSI and sperm-mediated gene transfer has already been reported [39] . Cloning and ICSI technologies using IVM oocytes are now expected to be used to produce transgenic and knockout pigs because they are less costly and time-consuming than use of in vivo derived oocytes. However, their efficacy in the development to blastocyst stage seems to be low. Although the reasons for the low developmental competence of cloned and ICSI embryos are unclear at present, mechanical damage caused during micro-manipulation is the most probable cause. Furt her, unphys iolo gical oo cyt e act ivatio n processes (for example, by electric pulses just after the micro-manipulation) may affect developmental ability and should also be considered. Further research to maintain developmental ability after the manipulation of IVM oocytes is needed.
Conclusion
The established porcine IVP system now includes new technologies for reproduction and gene manipulation and is ready for practical application, although further improvements are still required.
